Background: Base excision repair (BER) is a highly conserved essential mechanism for maintaining genome integrity. We examined associations among four well-characterized polymorphisms of BER genes (OGG1 Ser326Cys, XRCC1 Arg194Trp, XRCC1 Arg280His, and XRCC1 Arg399Gln) and lung cancer risk. Methods: A total of 2188 patients with lung cancer and 2198 control subjects without lung cancer recruited at 15 centers in six Eastern European countries from February 1998 to October 2002 provided DNA samples for genotype analysis. Genetic polymorphisms were analyzed by the fl uorescence 5 ′ exonuclease and Amplifl uor assays. Unconditional multivariable logistic regression was used to estimate odds ratios (ORs) and 95% confi dence intervals (CIs). We estimated the false-positive reporting probability (FPRP) for our results by incorporating a range of prior probabilities that specifi c polymorphisms are associated with lung cancer risk. All statistical tests were two-sided. 
Exposures to environmental carcinogens, such as tobacco smoke, can result in various types of DNA damage ( 1 , 2 ) and subsequently lead to the development of cancer. DNA repair, a critical defense system by which cells cope with DNA damage, maintains the integrity of the human genome through different pathways ( 3 , 4 ) . One of these pathways is base excision repair, which removes certain incorrect and damaged bases ( 2 ) . Base excision repair involves 1) removal of the damaged base by a DNA glycosylase, generating an abasic site, followed by 2) cleavage of the sugar -phosphate chain by apurinic/apyrimidinic endonuclease, and 3) further repair via two pathways that involve different subsets of enzymes and result in the replacement of one (short-patch pathway) or more (long-patch pathway) nucleotides ( 2 , 5 , 6 ) . Reduced DNA repair capacity as assessed from phenotypic measures, such as the host-cell reactivation assay or mutagen sensitivity assays, is associated with increased lung cancer risk ( 7 ) . It has been suggested that genetic variations in DNA repair genes are associated with DNA repair capacity ( 8 ) and, consequently, with cancer risk.
Among the different types of base damage, 8-hydroxyguanine (8-oxoG) is considered to be one of the most mutagenic lesions, causing G:C to T:A transversions ( 9 ) . This lesion can be repaired by the activity of 8-oxoguanine DNA glycosylase (OGG1), which catalyzes the removal of 8-oxoG by cleaving the N -glycosyl bonds between the oxidized guanine and the deoxyribose backbone, leaving an apurinic/apyrimidinic site as an intermediate product ( 9 ) . Results of an in vitro study showed that OGG1 suppresses 8-oxoG-associated G:C to T:A transversions in human cells ( 10 ) . In addition, Sakumi et al. ( 11 ) found a high incidence of spontaneous lung adenoma and carcinoma in Ogg1-knockout mice, which suggested that OGG1 acts as a suppressor of lung carcinogenesis.
Several polymorphisms have been identifi ed in the human OGG1 gene, with the majority of studies focusing on a C-to-G transversion at nucleotide 1245 [NCBI single nucleotide polymorphism database (dbSNP) no. rs1052133 ( 12 ) ], resulting in the substitution of cysteine for serine at codon 326 (Ser326Cys).
Several studies have examined the association between OGG1 genotypes and enzyme activity, with inconsistent results [reviewed in ( 13 ) ]. One study ( 14 ) found no association between different human OGG1 genotypes and OGG1 enzyme activity ( 15 ) . However, Kohno et al. ( 12 ) found by using a complementation assay of an Escherichia coli mutant defective in the repair of 8-oxoG that 326Ser-containing OGG1 has a sevenfold higher activity for repairing 8-oxoG than the 326Cys-containing OGG1. Previous evidence indicated higher levels of 8-oxoG in lung tissue of lung cancer patients than in lung tissue of patients without cancer ( 16 ) . We therefore hypothesized that the Ser326Cys polymorphism of OGG1 may be associated with an increased risk of lung cancer. This possibility is supported by results of two studies, from Japan and Hawaii, which reported that the Cys/Cys genotype is associated with an increased risk of lung cancer ( 17 , 18 ) . However, results of two other studies, from Germany and Japan, did not show such an association ( 19 , 20 ) . Each of the four studies had fewer than 300 lung cancer case patients, however, and were therefore of limited statistical power ( Table 1 ) .
The apurinic/apyrimidinic sites that remain after damaged bases are removed are cytotoxic and mutagenic and require further processing to ensure cell viability and genomic integrity. Apurinic/apyrimidinic endonuclease (also known as APEX1 or APE1) is involved in this phase of BER; it cleaves the DNA backbone at the 5 ′ side of the apurinic/apyrimidinic site ( 6 , 21 ) , after which the BER pathway proceeds to short-patch DNA repair (when the gap is only one nucleotide) or long-patch DNA repair (when the gap is two to eight nucleotides long) ( 2 ) . The essential protein known as X-ray repair cross-complementing group 1 (XRCC1) has a central role in short-patch DNA repair in the BER pathway; it also senses single-strand breaks in DNA through its interactions with poly(ADP-ribose) polymerase (PARP) and proliferating cell nuclear antigen (PCNA) ( 22 -24 ) . Three genetic polymorphisms have been identifi ed that produce variant forms of XRCC1: the Arg194Trp polymorphism in exon 6 (dbSNP no. rs1799782), the Arg280His polymorphism in exon 9 (dbSNP no. rs25489), and the Arg399Gln polymorphism in exon 10 (dbSNP no. rs25487). The Arg194Trp variant has been shown to be associated with decreased sensitivity to the mutagens bleomycin and benzo[ a ]pyrene-diol-epoxide (BPDE) ( 25 ) . The functional signifi cance of the Arg280His variant is not yet well understood; however, the 280His allele is located in the PCNA-binding region of XRCC1, and results of a small (80-subject) study suggested that this allele is associated with increased bleomycin sensitivity ( 23 , 26 ) . The codon 399 (G → A) transversion is located in the carboxyl-terminal region of the PARP-interacting domain of XRCC1. The 399Gln allele has been shown to be associated with increased levels of afl atoxin B1-DNA adduct (a highly unstable form of DNA damage whose subsequent lesions can be removed by the BER pathway) and increased bleomycin sensitivity ( 25 , 27 ) in several studies ( 28 ) ; however, another study ( 29 ) found no such association.
Several epidemiologic studies have examined the association between lung cancer risk and XRCC1 polymorphisms ( Table 1 ) . However, most of those studies were underpowered, and their results were inconclusive ( 24 , 30 -33 ) . Results of a large casecontrol study (1091 case patients and 1240 control subjects) suggested an interaction between cumulative tobacco consumption and the XRCC1 Gln/Gln genotype, with an increased risk of lung cancer in nonsmokers with the genotype and a decreased risk in heavy smokers with the genotype ( 34 ) .
The BER pathway is highly conserved and provides an essential mechanism for ensuring the integrity of the genome. It is estimated that 2000 to 10 000 apurinic/apyrimidinic sites arise per day in a mammalian cell grown under physiologic conditions ( 35 ) . Reliable information about which BER gene polymorphisms are associated with lung cancer risk may elucidate the disease mechanism. We analyzed four well-characterized polymorphisms of BER genes in a large-scale case -control study with adequate statistical power to detect modest associations between sequence variants and lung cancer risk. We hypothesized that OGG1 326Cys, XRCC1 280His, and XRCC1 399Gln would be associated with increased lung cancer risk, whereas XRCC1 194Trp would be associated with decreased lung cancer risk. Furthermore, we hypothesized that the associations might be modulated by exposure to carcinogens, especially tobacco smoke. In addition, we estimated the false-positive report probability by incorporating the prior probability that these specifi c SNPs are associated with lung cancer risk ( 36 ) .
S UBJECTS AND M ETHODS

Study Population
This study was conducted in 15 centers in six Eastern European countries: the Czech Republic (Prague, Olomouc, and Brno), Hungary (Borsod, Heves, Szabolcs, Szolnok, and Budapest), Poland (Warsaw and Lodz), Romania (Bucharest), Russia (Moscow), and Slovakia (Banska Bystrica, Bratislava, and Nitra). Each center followed an identical protocol and was responsible for recruiting a consecutive group of patients who were newly diagnosed with lung cancer and a comparable group of hospitalbased control subjects without lung cancer from February 1998 to October 2002.
All patients who were diagnosed with lung cancer from February 1998 to October 2002 at participating hospitals were eligible for this study. All cancer diagnoses were confi rmed histologically or cytologically. Eligible subjects (case patients and control subjects) must have resided in the study area for at least 1 year before recruitment. Lung cancer case patients were identifi ed through an active search of the records of clinical and pathology departments at the participating hospitals. All centers attempted to recruit all eligible patients as soon as possible after the patient had received an initial diagnosis of lung cancer; the maximum time interval between diagnosis and recruitment was 3 months. All study subjects (case patients and control subjects) and their physicians provided written informed consent. This study was approved by the institutions at all study centers, and ethical approval was obtained from the International Agency for Research on Cancer (Lyon, France), the coordinating center.
At all centers except the Warsaw center, control subjects were chosen from among inpatients and outpatients admitted to the same hospital as the case patients; case patients and control subjects from each hospital were frequency matched to each other by sex, age (±3 years), center, and referral (or residence) area. Control subjects were eligible for this study if they had been diagnosed with non -tobacco-related diseases or had undergone minor surgical procedures or had benign disorders, common infections, eye conditions (except cataract or diabetic retinopathy), or common orthopedic diseases (except osteoporosis). At the Warsaw center, control subjects were selected by random sampling of the general population using the Electronic List of Polish Residents .
Overall, the average participation rate was 91.0% among case patients and 91.2% among control subjects; the Warsaw center had the lowest participation rates for case patients (80.4%) and control subjects (79.8%). Case patients and control subjects underwent an identical in-person interview during which they completed a detailed questionnaire and provided blood samples. The questionnaire collected information about demographic variables, such as sex, date of birth, and education level; medical history; family history of cancer; history of tobacco consumption, including frequency, intensity, duration, and status; history of alcohol consumption; diet history (using a general food frequency questionnaire); and occupational history. Blood samples were stored in liquid nitrogen. Of the 2633 case patients and 2884 control subjects who agreed to participate in this study, 2188 case patients (83%) and 2198 control subjects (76%) provided blood samples during the interview. Only subjects for whom DNA was available were included in the analyses.
Laboratory Techniques
Genomic DNA was extracted from blood samples with the use of a QIAamp 96 DNA Blood Kit (Qiagen, Hilden, Germany); DNA concentrations were measured by using PicoGreen dsDNA quantifi cation kits (Molecular Probes, Leiden, The Netherlands). All polymorphisms except for the XRCC1 Arg399Gln polymorphism were analyzed by a polymerase chain reaction (PCR)-based fl uorescence 5 ′ exonuclease assay (i.e., the TaqMan assay) ( 37 ) . Briefl y, 10-ng aliquots of genomic DNA were placed into separate wells of a 96-well or 384-well PCR plate, along with a PCR cocktail that included both fl uorescently labeled allelespecifi c probes (200 nM each), forward and reverse primers (1 μ M each), and 5 μ L of 2 × TaqMan Universal PCR Master Mix (including ROX passive dye as internal control, dNTPs, buffer, and Taq polymerase [Applied Biosystems, Foster City, CA]) in a fi nal volume of 10 μ L. PCR amplifi cation was achieved by using the following thermocycle conditions: 10 minutes at 95 °C, followed by 45 cycles of 30 seconds at 94 °C and 1 minute at 60 °C, followed by storage at 4 °C. The fl uorescence of the PCR products was then plotted, and genotype was determined according to the signal of the two probes. The XRCC1 Arg399Gln polymorphism was genotyped with the use of the PCR-based Amplifl uor assay, as previously described ( 38 ) . PCR amplifi cation for XRCC1 Arg399Gln was achieved by using the following thermocycle conditions: 4 minutes at 96 °C, followed by 20 cycles of 10 seconds at 96 °C, 5 seconds at 55 °C, 10 seconds at 72 °C, followed by 22 cycles of 10 seconds at 96 °C, 20 seconds at 55 °C, 40 seconds at 72 °C, followed by storage at 4 °C. The sequences of PCR primers and probes are available online ( http:// jncicancerspectrum.oupjournals.org/jnci/content/vol97/issue8 ).
To ensure quality control, DNA samples from case patients and control subjects were randomly distributed on each PCR plate, and all genotyping was conducted by personnel who were blinded to the case -control status of the DNA sample. DNA samples from individuals of known base excision repair genotypes were added to each PCR plate as internal controls to ensure the validity of the genotyping. We randomly selected 10% of the study subjects (i.e., both case patients and control subjects) and re-analyzed their DNA samples for each polymorphism to examine the reliability of the genotyping assays.
Statistical Analysis
The frequency distributions of demographic variables and putative risk factors for lung cancer, including country of residence, age at recruitment (which, for case patients, was a proxy for age at diagnosis), sex, highest education level, and smoking status, were examined for case patients and control subjects. Former smokers were defi ned as smokers who stopped smoking at least 2 years before the interview. Tobacco consumption included smoking of cigarettes, pipes, and/or cigars. Cumulative tobacco consumption was calculated by multiplying smoking duration (in years) by smoking intensity (in the equivalent of cigarette packs) and expressed as pack-years. We categorized the subjects as light ( ≤ 14 pack-years), moderate (>14 -38.26 pack-years), or heavy (>38.26 pack-years) smokers based on the quartiles of cumulative tobacco consumption among the control group.
We tested the Hardy -Weinberg equilibrium of allele distributions separately among case patients and control subjects. The minimum detectable odds ratio was calculated for each sequence variant based on its genotype frequency, our study sample size, and a statistical power of 80% , as previously described ( 39 ) . Our study had an 80% power to detect a minimum OR of 1.4 for rare polymorphisms such as OGG1 Ser326Cys and a minimum OR of 1.2 for common polymorphisms such as XRCC1 Arg399Gln. We used unconditional multivariable logistic regression analysis to examine associations between genetic polymorphisms and lung cancer risk by estimating odds ratios (ORs) and 95% confi dence intervals (CIs). Genotypes were categorized into three groups (major allele homozygous, heterozygous, and homozygous variant) when the allele frequencies allowed. In the stratifi ed analyses and interaction analyses, genotypes were dichotomized into two categories (risk versus nonrisk genotypes) on the basis of prior knowledge of the functional signifi cance of the variants, existing epidemiologic evidence, and the frequency distributions of the variants. The prior risk genotypes (i.e., genotypes that were hypothesized to be associated with increased risk) are as follows:
OGG1 Cys/Cys; XRCC1 Arg/Arg (for the Arg194Trp polymorphism); Arg/His and His/His (for the Arg280His polymorphism); and Arg/Gln and Gln/Gln (for the Arg399Gln polymorphism). We estimated the linkage disequilibrium by Lewontin's D ′ ( 40 ) and used expectation-maximization algorithms to estimate the haplotype frequency for the three polymorphisms of XRCC1 as previously described ( 41 , 42 ) .
We conducted stratifi ed analyses by histology to investigate associations between genetic polymorphisms and histologic subtypes of lung cancer. We also evaluated the modulating effects of cumulative tobacco exposure and age at diagnosis by comparing the stratum-specifi c risk estimates. Our rationale for stratifying by age at diagnosis is that one would expect a genetic factor to have a stronger effect on cancer development among subjects with a young age of diagnosis than among subjects with an old age at diagnosis. The cut point of 50 years for age at diagnosis was chosen based on the age distribution at lung cancer diagnosis in Europe ( 43 ) .
To evaluate the joint effect of the two designated risk genotypes (i.e., all combinations of every pair of risk genotypes among the four polymorphisms) , we used subjects with two nonrisk genotypes as the reference group and compared the effects of having either one or both risk genotypes. Matching variables and potential confounders, including country of residence, age (continuous), sex, and pack-years of smoking (continuous), were included in all multivariable logistic regression models. For all interaction analyses, we tested departure from multiplicativity by estimating the interaction odds ratio, which was derived from the product term in a saturated model along with the covariates in the logistic model.
We conducted multigenic analyses, in which the independent variable was the number of prior risk genotypes a subject carried and was treated as a categorical variable or as a continuous variable. All statistical analyses were conducted using STATA software (version 8.0, StataCorp LP, College Station, TX). All statistical tests were two-sided.
We estimated the false-positive report probability for statistically signifi cant observations using the methods described by Wacholder et al. ( 36 ) . The prior probability that the association between a genetic variant and a disease is real is likely to be infl uenced by knowledge of the biologic function of a gene, the functional signifi cance of variants, and the available epidemiologic evidence. However, prior probability is a subjective measure that can vary among investigators depending on the importance that is assigned to different pieces of evidence. For this reason, we calculated the false-positive report probabilities for prior probabilities ranging from 50% to 0.1%. We considered that a prior probability of 50% may be appropriate when there is very strong biologic plausibility that the association is real and consistent epidemiologic evidence for such an association exists and that a prior probability of 0.1% may be appropriate when both biologic knowledge and epidemiologic data are inadequate. For example, OGG1 -326Cys protein has been shown to be less capable of repairing 8-oxoG lesions than the OGG1 -326Ser protein ( 12 ) , and several epidemiologic studies have reported an association between the OGG1 326Cys allele and lung cancer risk ( Table 1 ). The combination of this evidence suggested a likely high prior probability of 10% -25%. However, because limited data are available on the function of the XRCC1 280His allele, we considered the most likely prior probability to be low (i.e., 0.1% -1.0%). Table 2 shows the frequency distribution of demographic characteristics and the putative risk factors for lung cancer among the study participants. Control subjects were slightly more educated than case patients. Smoking was much more prevalent among case patients than among control subjects. The percentages of case patients and control subjects from the six countries ranged from 7% to 32%.
R ESULTS
The frequencies of the OGG1 Ser326Cys, XRCC1 Arg194Trp, XRCC1 Arg280His, and XRCC1 Arg399Gln alleles among the control group were 20%, 7.4%, 4.8%, and 35%, respectively, and their distributions in the control group were in Hardy -Weinberg equilibrium, with P values of .22, .93, .59, and .11, respectively. The results of the initial and the repeat genotyping analyses were at least 99.4% concordant for the four SNPs . Due to the nature of the high-throughput fl uorescence 5 ′ exonuclease assay, a small fraction of the subjects could not be classifi ed into one of the three genotype clusters (i.e., wild type/wild type, wild type/variant, variant/variant) during the genotyping process because of poor DNA quality or insuffi cient PCR amplifi cation, so their genotypes could not be determined. Data for OGG1 Ser326Cys, XRCC1 Arg194Trp, XRCC1 Arg280His, and XRCC1 Arg399Gln were missing from 1.6%, 2.4%, 4.7%, and 7.3% of the subjects, respectively. Table 3 shows associations between OGG1 Ser326Cys polymorphisms and lung cancer risk, stratifi ed by histology, smoking status, and age at diagnosis. The overall OR for the OGG1 Cys/ Cys genotype was 1.34 (95% CI = 0.95 to 1.88). When we stratifi ed by histology, the association between the Cys/Cys genotype and lung cancer risk was most prominent for adenocarcinoma risk (OR = 1.66, 95% CI = 1.04 to 2.66). When we stratifi ed by age at diagnosis, there was no evidence of effect modifi cation: among subjects who were recruited or diagnosed with lung cancer at age 50 years or younger, those with the Cys/Cys genotype had an OR of 2.10 (95% CI = 0.78 to 5.62), and among those older than 50 years, those with the Cys/Cys genotype had an OR of 1.28 (95% CI = 0.89 to 1.84) ( P = .36; test for heterogeneity). Table 4 shows associations between the XRCC1 Arg194Trp, Arg280His, and Arg399Gln polymorphisms and lung cancer risk. None of the XRCC1 polymorphisms was associated with the risk of lung cancer in the whole study population. Because of the rarity of the 194Trp and 280His alleles, the probability of two or more variants being present on the same chromosome is close to null. Therefore, no additional information was obtained from the haplotype analyses. Lewontin's D ′ values of 194Trp-280His, 194Trp-399Gln, and 280His-399Gln were − 0.99, − 0.95, and − 0.96, respectively. When we stratifi ed by pack-years of cumulative tobacco consumption based on quartiles of consumption among the control subjects, the XRCC1 Arg194Trp (OR = 0.65, 95% CI = 0.46 to 0.93) and Arg280His (OR = 0.56, 95% CI = 0.36 to 0.86) polymorphisms were each associated with a decreased risk of lung cancer among heavy smokers (i.e., those with >38.26 pack-years of consumption) compared with common allele homozygotes. * Odds ratios (ORs) adjusted for country, age at diagnosis, sex, and cumulative tobacco consumption (in pack-years). CI = confi dence interval; R = Arg; W = Trp; H = His; Q = Gln; SCC = squamous cell carcinoma. † Odds ratios adjusted for country, age at diagnosis, and sex. ‡ First quartile ( ≤ 14 pack-years). § Second and third quartiles (>14 -38.26 pack-years). || Fourth quartile (>38.26 pack-years).
We observed no interactions between any two risk genotypes. Having an increased number of prior risk genotypes was not associated with an increased risk of lung cancer. Subjects who carried at least three prior risk genotypes had an OR of 1.34 (95% CI = 0.91 to 1.97) compared with subjects who carried none of the prior risk genotypes (data not shown). Table 5 shows the false-positive report probability for the three statistically signifi cant associations we observed. In general, at a false-positive report probability cut point of 0.5, the observed odds ratio for an association is likely to refl ect a true association with a prior probability greater than 10%. However, an association with prior probability of 1% or lower is likely to be a false-positive fi nding. On the other hand, using a more stringent false-positive report probability cut point of 0.2, interpretations of the observed odds ratios with prior probability of 10% or lower would be infl uenced by the change of cut point. Because our statistically signifi cant fi ndings were restricted to subgroups, a more stringent cut point for falsepositive report probability may be appropriate. Given the available epidemiologic data and the known functional signifi cance of both the OGG1 326Cys and XRCC1 194Trp alleles, a prior probability of at least 10% is not unreasonable for these two SNPs. However, given the limited data on the function of the XRCC1 280His allele, a lower prior probability may be appropriate (e.g., 1% -0.1%), and thus, the observed odds ratio among heavy smokers may refl ect a false-positive association.
D ISCUSSION
We conducted a large-scale association study to reduce the likelihood of false-positive and false-negative results typical of underpowered studies. We found that subjects who carried the OGG1 Cys/Cys genotype had a small increased risk of lung adenocarcinoma compared with subjects who carried the Ser/ Ser genotype and that heavy smokers who carried the XRCC1 194Trp allele had a decreased risk of lung cancer compared with heavy smokers who carried the Arg/Arg genotype. The likelihood that these results represent true associations was supported by results of our false-positive report probability analysis, which was based on prior probabilities of 25% and 10%, respectively. Overall, however, our results suggest that the OGG1 and XRCC1 polymorphisms do not play a major role in lung carcinogenesis. Nonetheless, the association we observed between the OGG1 Cys/Cys genotype and adenocarcinoma risk is consistent with experimental evidence showing that the OGG1 isoform encoded by the Cys allele exhibits decreased base excision repair activity ( 12 , 44 ) . Likewise, the association we observed between the XRCC1 194Trp allele and lung cancer risk in heavy smokers is consistent with the evidence showing that this allele is less sensitive to mutagens than the XRCC1 194Arg allele ( 25 ) .
Results of a previous study in a Japanese population revealed an association between squamous cell lung cancer and the OGG1 Cys/Cys genotype ( 17 ) . Paz-Elizur et al. ( 45 ) showed that reduced OGG1 activity is associated with the occurrence of non -small-cell lung cancer in an Israeli population ( 45 ) . Results of a study in a Hawaiian population that comprised Caucasian and Japanese individuals found that the OGG1 Cys/Cys genotype was associated with both adenocarcinoma and squamous cell carcinoma risks, with the association being stronger for the latter ( 18 ) . By contrast, we found that the OGG1 Cys/Cys genotype was associated mainly with adenocarcinoma risk. This discrepancy might refl ect the fact that our study population included subjects of different ethnicities and environmental exposures that may have modifi ed the associations, especially given that the distribution of the OGG1 Ser326Cys polymorphism differs among Chinese/Japanese and Caucasian populations ( 17 -20 ) . The frequency of the Cys allele among the control subjects in our study (20%) was consistent with the range of frequencies of this allele previously reported for Caucasians [i.e., 13% to 22% ( 18 , 19 , 46 ) ] but not with that previously reported for Japanese and Chinese populations [i.e., 40% to 47% ( 17 , 18 , 20 , 47 ) ]. Another possible reason for the discrepancy in the OGG1 risk associations is that the previous studies did not have suffi cient statistical power to detect an association with adenocarcinoma risk.
We found that the XRCC1 Arg399Gln polymorphism was not associated with lung cancer risk and that the XRCC1 Arg194Trp and Arg280His polymorphisms were each associated with a decreased risk of lung cancer among heavy smokers. Several epidemiologic studies have examined XRCC1 polymorphisms and lung cancer risk, but only limited data have been available for the XRCC1 Arg280His polymorphism. Results of previous studies that examined the association between the XRCC1 Arg399Gln polymorphism and lung cancer risk were inconsistent, possibly owing to the large random error in those small studies ( 31 -34 , 48 -51 ) . Our fi nding that XRCC1 Arg194Trp variants are asso ciated with decreased lung cancer risk among heavy smokers is consistent with the results of a functional study of the 194Trp allele ( 25 ) and with results of a previous study reporting that the 194Trp allele was associated with a decreased risk of lung cancer among subjects who smoked more than 20 cigarettes/day ( 31 ) . * SNP = single-nucleotide polymorphism; OR = odds ratio; CI = confi dence interval. † False-positive report probabilities for the observed odds ratios. Bold type indicates the false-positive report probabitilites for the most likely prior probabilities. ‡ Estimation of the statistical power to detect an OR of 1.5 with α level equal to the observed P value. § Estimation of the statistical power to detect an OR of 0.67 (1/1.5, i.e., a decreased risk with the same effect size as OR 1.5) with α level equal to the observed P value.
The molecular basis of the association between the 194Trp allele and decreased lung cancer risk in heavy smokers remains to be established. It is possible that the variant protein is associated with increased repair activity and that this increase is infl uenced by gene -environment interactions. In support of such a model, it has been shown that individuals homozygous for the common allele (Arg/Arg) have substantially more chromosome breaks per cell in mutagen sensitivity assays using both bleomycin and BPDE as challenge mutagens than individuals who carry one or two of the variant (Trp) alleles ( 25 ) . However, in that study, although healthy heavy smokers (>42 pack-years) had fewer chromosomal breaks than never smokers after treatment with bleomycin or BPDE, the association with genotype was not examined ( 25 ) . Lower levels of 8-oxoG in lymphocytes of smokers compared with nonsmokers, which could be explained by the presence of effi cient DNA repair processes for the oxidative damage induced by smoking, have also been reported in some studies ( 52 , 53 ) .
Our results for the XRCC1 Arg399Gln polymorphism did not replicate the fi ndings of Zhou et al. ( 34 ) , who reported that the XRCC1 399Gln/399Gln genotype was associated with a decreased risk of lung cancer among heavy smokers. This discrepancy might be due, in part, to differences in the levels of tobacco consumption between the two populations: 491 case patients and 131 control subjects (11% of study population) in the study by Zhou et al. ( 34 ) had at least 55 pack-years of tobacco consumption compared with 272 case patients and 107 control subjects (5%) in our study population. The smaller percentage of heavy smokers in our study population might have limited our ability to detect an association, especially if the association between the 399Gln allele and a decreased risk of lung cancer risk is limited to very heavy smokers. Differences between two study populations in the prevalence of other potential effect modifi ers (e.g., occupational exposures to lung carcinogens) that were not accounted for may have also contributed to the discrepancy.
Our study has several limitations. First, potential selection bias can occur when subjects who agree to participate in the study have characteristics that differ from those of subjects who are eligible for the study. The major reason for nonparticipation in this study was the failure of some subjects to provide written informed consent (6.7% of case patients and 7.3% of control subjects), which might represent a form of self-selection. Bias from self-selection may affect estimates of exposure to environmental factors; however, it is unlikely that self-selection would be related to a subject's genotype. Results of a simulation study ( 54 ) suggested that selection factors that are related only to environmental factors might still lead to a biased estimate of genetic main effects if the environmental factors modify the genetic effects. Nevertheless, assuming that genotype does not infl uence subject participation conditional on exposures and disease, the gene -environment interaction odds ratio should not be infl uenced ( 54 ) . Furthermore, bias in the estimate of the genetic main effect due to the selection factor of environmental exposures can be adjusted for in the analyses by treating the environmental factors as potential confounders ( 54 ) .
Second, only 83% of the case patients and 76% of the control subjects provided DNA samples. A bias may have occurred if the availability of DNA was related to both genotype and disease status. For example, if subjects who did not provide blood samples had more advanced stages of illness than subjects who provided blood samples and if the stages of illness are related to the genotype, then estimates of the genetic associations would be biased. However, the general demographic characteristics and smoking habits of subjects who provided DNA samples and the entire study population were similar, suggesting that our study was not limited by this potential source of bias.
Third, although recall bias is not relevant for the estimation of genetic associations, it can affect estimates of environmental exposures. Self-reports of lifestyle history are subject to differential recall between case patients and control subjects, which may bias the estimates toward or away from the null. Misclassifi cation on the environmental exposures may subsequently bias estimates of gene -environment interactions ( 55 ) . The bias for a multiplicative interaction term will be toward the null value if 1) both environmental and genetic factors are binary and independent, 2) the exposure measurement is better than random (the sum of sensitivity and specifi city is greater than or equal to 1), and 3) misclassifi cation is independent of the genetic factor ( 55 ) . In other scenarios, the direction of bias cannot be easily predicted.
Another limitation is the missing data generated in the process of cluster identifi cation of genotyping. These missing data were present in a random manner regarding demographic variables and smoking status, and the consequence of these missing data was to reduce the statistical power of our study. The missing data were associated with country: the quality of the DNA samples varied from one country to another. Nevertheless, the missing data were not likely to bias the estimates to a meaningful extent because their proportions were low and country was controlled for in the multivariable models.
Yet another potential limitation of our study was that the case patients and control subjects were not matched by ethnicity. However, more than 90% of our study population was of European ancestry. In addition, even in situations in which case patients and control subjects have very different disease prevalences and allele frequencies (e.g., when case patients and control subjects have different ethnic distributions), population stratifi cation is unlikely to lead to substantial bias in well-designed case -control studies ( 56 ) . Therefore, it is unlikely to be a concern in our study.
Our study has a number of strengths. First, the large sample size gives high precision and therefore is less susceptible to fl uctuating results. In addition, this is the fi rst study to use the falsepositive report probability to interpret the results. Estimates of the false-positive report probability can be used to decide whether a statistically signifi cant fi nding is noteworthy based on prior probabilities; however, prior probability varies among individuals, and investigators who use different prior probabilities may reach different conclusions. Publication bias may also infl uence the choice of prior probability because the published data may not be representative of the true association. However, we tested a range of prior probabilities, which allowed us to identify how sensitive our positive fi ndings were to changing prior probabilities.
Given that our study had an 80% power to detect a minimum OR of 1.4 for rare polymorphisms such as OGG1 Ser326Cys, and a minimum OR of 1.2 for common polymorphisms such as XRCC1 Arg399Gln, our results do not support a major independent role for any of the polymorphisms investigated in this study in lung cancer risk. However, we cannot exclude the possibility that OGG1 Ser326Cys has a minor role in lung carcinogenesis and that the XRCC1 Arg194Trp polymorphism has a minor role in lung carcinogenesis among extremely heavy smokers.
